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Particle Physics and the role of the Higgs Boson

The LHC and the ATLAS and CMS Detectors

The Search for the Higgs Boson

Conclusions and Outlook




In Search for Fundamental Particles
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History of the Universe

pp physics at the LHC corresponds
to conditions around here
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What do We Know?
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Dimuon Mass Spectrum
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The “Standard Model”:
the most precise theory there is!
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The Standard Model Formula
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Why Do Particles Have Mass?

Nothing in the universe Higgs field in the universe

Electron > % . —>
m=0.511 MeV/c?

Photon > >
m=0

Top Quark > A/le

M~172000 MeV/c?

» Higgs field

— IS present everywhere
— slows heavy particles down < gives them mass




How the Higgs Field gives Mass

Cocktail party: Arrival of celebrity:
Guests are evenly spread Guests cluster near celebrity
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D. Miller / UCL

Celebrity moves more slowly <=> acquires mass
(guests act like Higgs field)




A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

John ELLIS, Mary K. GAILLARD * and D.V. NANOPQULOQOS **
CERN, Geneva

Received 7 November 1975

We should perhaps finish with an apology and a caution. We apologize o ¢x-
perimentalists for having no idea what is the mass of the Higgs boson, unlike the
case with charm [3,4] and for not being sure of its couplings to other particles, except
that they are probably all very small. For these reasons we do not want to encourage
big experimental searches for the Higgs boson, but we do feel that people performing
experiments vulnerable to the Higgs boson should know how it may turn up.

... alot happened ...

by the mid 90’s the Higgs boson was considered
the most critical particle to be found experimentally
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LHC and the
ATLAS and CMS Detectors




Units and Numbers

* Energy is measured in electron volts (eV):

— the amount of kinetic energy gained by a single unbound
electron when it accelerates through an electrostatic
potential difference of one volt.

 For example:
— 1eV =1.60217653(14)x107"9 joules
— electron mass =.511 x 10° eV/c?
— proton mass = 10° eV/c? = 1 GeV/c? (“Giga electron volt”)
— Z boson mass = 91 GeV/c?
— top quark mass=172 GeV/c? (=mass of gold atom)

TeV = “Tera electron volt”
=102 eV = 1000 x proton mass / c2




General Concept: E=mc?

 Energy and mass are equivalent
— E=mc?
» c = speed of light, m = particle mass, E = particle energy

* Collide 2 protons with E=4 TeV each

— Total energy: 8 TeV

— Can create particle X with mass my< 8 TeV x c?

« Actual interactions occur between quarks and gluons that carry
part of proton energy

» Most particles we create live only for a very short fraction of a
second and then decay




The Large Hadron Collider (LHC)
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LHC in the Ba




LHC Accelerator

About 30

9,600 superconducting magnets
cooled to 1.9K ( =-271 C)

Dipole magnets operate at a field sl S EEeSES T TR '
of up to 8 Tesla B April 26th 2007
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CALORIMETERS
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Detector Mass in Perspective

CMS is 30% heavier than the Eiffel tower




Particle Identification

« Collisions enclosed by layers of different detectors:
* sSeparate particle types
* measure their energies and angles
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Tracking Detectors
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« Measure energy and position of | HERRERN VRS 0|
electrically charged and neutral |
particles
Electrons and photons

Hadrons (protons, pions,...
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38 Countries
176 Institutions

3000 Scientific participants total
(1000 Students)

founded in 1992

Cl
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Age and Gender Profile of ATLAS

All 2690 (<35y 472%)
Male 81.8% (<35y 44.0%)
Female 18.2% (<35y 613%)
(Status 1.1.2010)

® Female
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LHC Data Taking: 2010-2012
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ATLAS Online Luminosity
2010 pp s =7 TeV

2011 pp Vs = 7 TeV
— 2012 pp Vs = 8 TeV
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« 24/7 operation typically from March — October each year

* Rate of interactions:
— About 1 billion interactions per second
— Fast “trigger” decision => record about 400 events/second




How to detect the Higgs Boson

Measured hits in large detectors

=> use hits to reconstruct particle paths and energies
=> estimate background processes

=> understand the underlying physics




Worldwide LHC Computing Grid 522225

Tier2 entres * Huge data volumes
Tier Centes — 600 MB/s
Lo ,1;.; L _ 5, OOO TB /y ear
* Huge CPU
requirements:
— 15 s/event

Data stored and analyzed on world-wide
LHC computing grid:
11 clouds across the globe




The Higgs Boson Search




Production and Decay
of a Higgs Boson

* Higgs boson is unstable and decays very quickly
— 0.2% decay into two photons
— 0.014% decay to 4 electrons or muons

— 99.8% of decays are harder to observe
 also analyzed and important but will not explain here 34




* Higgs boson decays
to two high energy
photons SimUIa on

— Higgs mass
determined from
energies and angles
of photons

« Background process
looks identical . )

— But creates no peak! q K " M(yy)
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Diphoton Mass Distributions

= 7000/ =
Q - . -
© - Selected diphoton sample - CMS Vs=7TeV,L=51f6"Vs=8TeV,L=5.3fb"
o 6000 e  Data2011+2012 — > L L I ]
; - Sig+Bkg Fit (mH=126.5 GeV) 3 () > S ——
£ 5000:— --------- Bkg (4th order polynomial) = (D - © U ahted ]
3 40002_ ATLAS Preliminary _; © - O nweignte
3000 — = :1500 i
2000~ \s=7TeV,ILdt=4.8 fbo' — 0
- - C
1000~ {s =8 TeV, JLdt: 13.0 fo”" = q>,) i
i 3005_ ! ! } ! ! _E g1000
(%] = =
g 200E + E ‘9
100 — — %
R I S NLICLENEE R |
wity ety AAAS NIRRT 2 500 _‘
3 | | | | | E S+B Fit
-20(1)00 110 120 130 140 150 160 —_ I B Fit Component
m,, [GeV] ? - T+l
[ +20 |
ot |
S— 1 1 | 1 1 1 1 | 1 1 | | I L L L L | 1 1 1 1 | 1 1
n

o

110 120 130 140 150
m,, (GeV)



Diphoton Mass Distributions
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Both experiments see peak at ~126 GeV



EXPERIMENT
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Higgs boson decaying to
two Z bosons
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Both experiments see peak at ~126 GeV




@ATLAS

EXPERIMENT
http://atlas.ch

Run: 203602
Event: 82614360
Date: 2012-05-18
Time: 20:28:11 CEST




Probability of statistical fluctuation
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Discovery of a New Particle!

* Properties similar to those of Higgs boson
— Signal strength consistent with expectation
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— Mass consistent between the two experiments:
« ATLAS: m=125.2 £ 0.7 GeV
« CMS: m=125.8 £ 0.6 GeV




Conclusions

i ]
Fabiola % |

Gianotti, V\\
ATLAS \
spokesperson

* 1964: Higgs boson first thought of
— explains how fundamental particles get mass

e 1992: ATLAS and CMS collaborations founded

« 2012: New particle observed consistent with
Higgs boson




Outlook

* Many puzzles remain in Standard Model

— Many other analyses ongoing in parallel at LHC
* e.g. searches for Dark Matter particles

+ LHC will have a 2-year break to do repairs
« 2015: nearly double the energy (8 => 13 TeV)

— Great chance to discover other new particles
— Further study Higgs boson

« |s it fully consistent with our Standard Model?




Publlc Lecture, Friday May 3rd 5pm

Berkeley on Friday, May 3rd 2013 by Dr. Fabiola Gianotti from CERN ("European

Organisation of Nuclear Research").

Dr. Gianotti was the spokesperson of the ATLAS collaboration from March 2008 until
March 2013. The ATLAS experiment is one of the two experiments at the Large Hadron
Collider (LHC) in Switzerland that announced the observation of a new "Higgs-like"
boson on July 4th 2012. Dr. Gianotti made the presentation of this discovery on behalf
of the ATLAS collaboration at at CERN on that day. Aside from the Higgs boson search,
the ATLAS experiment is also looking for many other new phenomena, e.9. new
particles predicted by Supersymmetry, a theory invented by Bruno Zumino and his
collaborator Julius Wess in 1974 when they both worked at CERN.

Dr. Gianotti received her PhD from University of Milan in 1989, working on searches for
Supersymmetry in the UA2 experiment at CERN. Since 1996 she is employed by CERN as a Research Physicist. She has been involved in
the ATLAS experiment since the beginning of the project, in 1990, working on detector development, design and construction, becoming
Physics Coordinator in 1999, Deputy Spokesperson in 2004 and Spokesperson in March 2008. In the period 1996-2000 she has been
involved in the ALEPH experiment at the CERN LEP e+e- Collider, where she has worked on data analysis and coordinated the

Supersymmetry group.

In March 2011 she was included by The Guardian newspaper in the "Top 100 most inspirational women". Since June 2012 she is member

of the Italian Academy of Sciences ("Accademia dei Lincei"). In September 2012 she was awarded the honor of "Grande Ufficiale" by the

Italian President Giorgio Napolitano. In December 2012 she was among the recipients of the Fundamental Physics Prize of the Milner

http://ctp.berkeley.edu/brunofest/PublicLecture.html




More Information

 Information, explanations, movies, images ...




